Introduction
============

Continual spermatogenesis is a stepping stone to male fertility, which mostly relies on spermatogonial stem cells (SSCs), accounting for only 0.02%-0.03% of the germ cell population[@B1]. SSCs settle on the basement membrane and then migrate toward the niche, a microenvironment that provides nutritional and structural support for SSC self-renewal[@B2], [@B3].

Spermatogenesis is a complex process and involves a variety of endocrine and paracrine signals to coordinate SSC self-renewal and differentiation[@B4], [@B5]. Numerous studies have revealed that SSC self-renewal is related to the intricate mechanisms of gene regulation, including the RNA-induced silencing complex (RISC) and microRNAs (miRs). Previous studies have demonstrated that miRs are vitally important for spermatogenesis[@B6], [@B7]. For example, deletion of RISC component Dicer in germ disrupts spermatogenesis and gives rise to infertility[@B8], [@B9].

MiRNAs are globally expressed in the murine testis, and numerous miRNAs play vital roles in spermatogenesis, especially SSC development[@B10]. For example, miR-34b/c and miR-449a/b/c are important for normal spermatogenesis and male fertility, and knockout of miR-34b/c and miR-449 leads to infertility because of severe spermatogenic disruptions[@B11]. MiR-100 is highly expressed in SSCs, and miR-100 promotes SSC proliferation via Stat3[@B10]. MiR-17-92 is a critical player in normal spermatogenesis of mice, and disruption of miR-17-92 suppresses sperm production because of the reduced number of SSCs[@B12]. MiR-10b regulates the self-renewal of SSCs by targeting Klf4[@B13]. There are approximately 1000 miRNAs encoded in the mouse genome. Therefore, more miRNAs may be involved in regulating the fate of SSCs[@B14].

Recent studies have shown that miR-322 promotes lipopolysaccharide-stimulated murine macrophage proliferation and negatively regulates the inflammatory response[@B15]. Another study reported that miR-322 protects against hypoxia-induced apoptosis in cardiomyocytes by targeting BDNF[@B16]. MiR-322 also plays a vital role in the proliferation of pulmonary arterial smooth muscle cells[@B17], vascular smooth muscle cells[@B18], and neural stem cells[@B19]. Nevertheless, there is little information about the function and target genes of miR-322 in controlling SSC fate determination.

In this study, we report that miR-322 is a novel intrinsic RNA molecule that regulates self-renewal and differentiation of SSCs via the WNT/β-catenin signaling by targeting *Rassf8*. Our findings revealed a novel mechanism regulating SSC fate determination and may have important implications in male infertility.

Methods
=======

Animals
-------

C57BL/6 mice purchased from the Shanghai SLAC Laboratory Animal Co. Ltd were used in this study. All mouse experiments were approved by the Institutional Animal Care and Use Committee of Shanghai. The procedures were conducted in accordance with the National Research Council Guide for the Care and Use of Laboratory Animals.

Culture of mouse SSCs
---------------------

The cells used in this study were an SSC line that we had established previously [@B13], [@B20]. The SSC culture system employed a mitotically inactivated STO (SIM mouse embryo-derived thioguanine and ouabainresistant feeder) feeder layer. STO cells were cultured in DMEM supplemented with fetal bovine serum (FBS, Life Technologies), 2 mM glutamine (Amresco), 100 µg/ml penicillin (Amresco), and 100 µg/ml streptomycin (Amresco) (STO culture medium). The culture medium for SSCs was alpha-minimum essential medium supplemented with 1 mM sodium pyruvate (Amresco), 10% fetal bovine serum (FBS, Life Technologies), 10 ng/ml mouse glial cell line‐derived neurotrophic factor (GDNF) (PeproTech), 1 mM non-essential amino acids (Invitrogen), 2 mM L-glutamine (Amresco), 0.1 mM β-mercaptoethanol (Biotech), 10 ng/ml leukemia inhibitory factor (Santa Cruz Biotechnology, CA, USA), 20 µg/ml transferrin (Sigma), 60 µM putrescine, 20 ng/ml mouse epidermal growth factor (PeproTech), 5 µg/ml insulin, 30 mg/l penicillin (Amresco), 75 mg/l streptomycin (Amresco) (SSC medium), and 10 ng/ml human basic fibroblast growth factor (PeproTech). The medium was changed every 2-3 days, and cells were subcultured at 1:2 or 1:3 ratios by enzymatic digestion every 5-7 days. The cells were maintained at 37°C in 5% CO~2~ [@B20].

Isolation of germ cells from postnatal mice
-------------------------------------------

SSCs were isolated according to our previously described methods[@B20]. Briefly, testes were harvested from postnatal day 6 C57BL/6 mice and cut into small pieces. Collagenase (1 mg/ml) was added to the tissues, followed by incubation at 37°C with gentle agitation for about 20 minutes. Then, the tissues were placed in 0.2% trypsin and neutralized by adding 10% FBS. The suspension was centrifuged at 1000 rpm for 5 minutes, and the supernatant was aspirated. Cell pellets were resuspended and passed through a 40-µm nylon cell strainer. Cells expressing Thy1 were isolated by magnetic-activated cell sorting with magnetic microbeads conjugated to an anti-Thy1 antibody (BD Biosciences, USA). Pachytene spermatocytes(PS), round spermatids(RS) and sperms were isolated from 17-dpp, adult mice by the unit gravity sedimentation method according to others described one. For the isolation of PS and RS, briefly, testes of corresponding age mice were harveste, removed the albuginea and cut into small pieces. Then, using collagenase (1 mg/ml) and 0.25%trypsin to digest them in sequence. Dispersed cells were suspended in DMEM and then bottom-loaded into a settling basin followed by BSA solution of 2%-4% gradient in DMEM. After 3hours of sedimentation, the cell fractions were collected from the bottom of the settling basin at a rate of 10mL/min[@B21]. For the isolation of sperms, epididymides of adult mice were harvested in PBS solution, and removed the fat, then cut into small pieces. Then they were transferred into the centrifuge tube, put the tube at 4°C for 2 hours releasing sperms from epididymis. Then the suspension was centrifuged at 3500 rpm for 15 minutes to collect sperms.

Lentiviral infection and selection of SSCs
------------------------------------------

For miR-322 lentiviral vectors, we purchased pGMLV-MI7 and pGMLV-MA2 lentiviral vectors and lentivirus packaging plasmids from Genomeditech Biotechnology Co., Ltd (Shanghai, China). The vector plasmid contains a puromycin selection site for selecting cells. We designed a miRNA inhibition sequence for miR-322 knockdown as follows. Primer (F): GATCCGACGGCGCTAGGATCATCAACTCCAAAACATGAATCTATTGCTGCTGCAAGTATTCTGGTCACAGAATACAACTCCAAAACATGAATCTATTGCTGCTGCAAGATGATCCTAGCGCCGTCTTTTTTG; Primer (R): AATTCAAAAAAGACGGCGCTAGGATCATCTTGCAGCAGCAATAGATTCATGTTTTGGAGTTGTATTCTGTGACCAGAATACTTGCAGCAGCAATAGATTCATGTTTTGGAGTTGATGATCCTAGCGCCGTCG. In addition, we designed a pri-miR sequence for miR-322 overexpression as follows. Primer (F): CCGCTCGAGCACCAAGACTTTGGAGCTGGC; Primer (R): CCGGGATCCTACTGTTCCCGCTGCTAGGGC).

For *Rassf8* lentiviral vectors, we purchased pGMLV-SC5 RNAi and pGMLV-CMV-MCS-3\*flag-EF1-ZsGreen1-T2A-Puro lentiviral vectors from Genomeditech Biotechnology. We designed a sequence against *Rassf8* for knockdown Primer (F): GATCCGCCCAAGCTATAGGTCGAACTTTCAAGAGAAGTTCGACCTATAGCTTGGGCTTTTTTG; Primer (R):AATTCAAAAAAGCCCAAGCTATAGGTCGAACTTCTCTTGAAAGTTCGACCTATAGCTTGGGCG and pri-miR sequence for *Rassf8* overexpression Primer (F): AACCGGTGCGGCCGCGCCACCATGGAACTTAAAGTGTGGG; Primer (R): ATGGTCT TTGTAGTCTACATAGATGCCTTCAGGATTAAAACCC).

Lentivirus particles were generated by cotransfection of inhibit or overexpression plasmids and lentivirus packaging plasmids into HEK293T cells using transgene reagent. Enhancing buffer was added to the medium after 12 h of transfection. Virus particles were harvested at 48 h after transfection and a standardized virus titer was obtained using HEK293T cells.

For lentivirus infection, 10000 SSCs were seeded on 48-well plate pre-coated with laminin and incubated with 1:1 mixture of culture medium and lentivirus concentrated solution (lentivirus titer: 1\*10^9^TU/ml), supplemented with 5µg/ml polybrene. After overnight infection, cells were re-plated onto puromycin-resistant STO feeder layers and cultured in SSC medium. After 12 hours of re-plating, we incubated the SSCs with 1:1 mixture of culture medium and lentivirus concentrated solution once more. After overnight infection, we changed fresh culture medium and cultured for 12 hours. We infected SSCs for the third time. After overnight infection, we changed fresh culture medium and cells were cultured at 37°C in 5% CO2. At the 6th day, cells were subcultured at 1:1 -1:2 ratio, and 100 ng/ml puromycin was added to the SSC culture medium to screen for puromycin-resistant SSCs. We will use puromycin to screen for 72 hours. The surviving SSCs colonies were passaged and analyzed by quantitative real-time polymerase chain reaction (qRT-PCR).

Reverse transcription PCR(RT-PCR) and qRT-PCR
---------------------------------------------

Total RNA was extracted from SSCs using Trizol reagent, according to the manufacturer\'s protocol. Approximately 1000 ng RNA was used to synthesize cDNA(Complementary Deoxyribonucleic acid) using M-MLV reverse transcriptase in a 20 µl volume. PCR analysis was carried out with Taq DNA polymerase. qRT-PCR was conducted with SYBR Premix Ex Taq (Takara, Shanghai, China) in a 20 µl volume on a Applied Biosystems® 7500 Real-Time PCRSystem. The conditions were 95°C for 30 s, 40 cycles of 95°C for 5 s and 60°C for 34 s, followed by 95°C for 15 s, 60°C for 60 s, and then 95°C for 15 s. Quantitative analyses of miR-322 and *Rassf8* employed U6 and Gapdh, respectively, as the internal references. The 2-ΔΔCt method was used to analyze data. The primers were as follows. For RT-PCR, miR-322: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCCAAAAC; U6: AACGCTTCACGAATTTGCGT. For PCR or qRT-PCR, *Oct4*-F: CCCGGAAGAGAAAGCGAACT;*Oct4*-R: GGAAAGGTGTCCCTGTAGCC; *Plzf*-F: TTCAGCCTCAAGCACCAGTT; *Plzf*-R: GGGCAGTATTCCGTGCAGAT; *Gfrα1*-F:GGAGGCCTTGAAGCAGAAGT; *Gfrα1*-R:AACGGGACTGCCCGGAATA; *Etv5*-F: CTGGGGAACGCTACGTCTAC; *Etv5*-R: CCAGGAGGTAAGCAGGGTTG; *Mvh*-F: GTGGAAATACTGGCAGAGCG; *Mvh*-R: CTGAAGCTGGGAGGCACATA; *Gapdh*-F: GGTTGTCTCCTGCGACTTCA; *Gapdh*-R: TAGGGCCTCTCTTGCTCAGT; *U6*-F: CTCGCTTCGGCAGCACA; *U6*-R: AACGCTTCACGAATTTGCGT; *Rassf8*-F: AAACGACGTGGAGATCGAGG; *Rassf8*-R: TGCCTTCACAGTCTGTCACC; *β-catenin*-F: AAGGAAGCTTCCAGACATGC; *β- catenin*-R: AGCTTGCTCTCTTGATTGCC; *CyclinD1*-F: CAAGGAGATTGGGGACAAC; *CyclinD1*-R: TTGCTTTGAGTCACACTGGT; *Stra8*-F:ACAACCTAAGGAAGGCAGTTTAC; *Stra8*-R: GACCTCCTCTAAGCTGTTGGG; *C-kit*-F: CTCCCCCAACAGTGTATTCAC; *C-kit*-R: TAGCCCGAAATCGCAAATCTT; miR-322-F: ACACTCCAGCTGGGCAGCAGCAATTCATGT; miR-322-R: TGGTGTCGTGGAGTCG; *C-myc*-F: CCACACATCAGACAACTACGCT; *C-myc*-R: GCATTTTCGGTTGTTGCTGATC; *Bcl6*-F: CCGGCACGCTAGTGATGTT; *Bcl6*-R: TGTCTTATGGGCTCTAAACTGCT.

Immunofluorescence staining
---------------------------

Cells cultured in 48-well plates were washed with 1× phosphate-buffered saline (PBS), fixed in 4% formaldehyde for 30 minutes at room temperature, and then washed three times with PBS for 5 minutes each wash. Then, the cells were incubated at 37°C for 10 minutes in blocking buffer (PBS containing 10% goat serum). Next, the cells were incubated overnight at 4°C with the primary rabbit anti-MVH antibody (1:200, Santa Cruz Biotechnology) or the primary rabbit anti-RASSF8 antibody(1:100, Abcam). After washing three times with PBS, the cells were incubated at 37°C for 30 minutes with a 1:150 dilution of tetramethylrhodamine isothiocyanate (TRITC)- conjugated secondary antibody (goat anti-rabbit IgG; ProteinTech). Then, the cells were incubated at 37°C for 10 minutes with 500 ng/mL 4′,6-diamidino-2- phenylindole (DAPI; Sigma). Images were acquired using a Leica digital camera under a fluorescence microscope (DM2500, DMI3000B; Leica).

For PLZF and GFRA1 staining, before incubation in blocking buffer, cells were permeabilized with 0.5% Triton X-100 for 30 minutes at room temperature, and then washed with PBS three times. The primary antibody was mouse-anti-PLZF (1:150, Santa Cruz Biotechnology) or anti-GFRA1 (1:100, ABclonal). The secondary antibody was a 1:150 dilution of goat anti-mouse IgG.

Meiotic spreads and SYCP3 staining
----------------------------------

Meiotic spreads of cell samples were prepared as described previously[@B22]. For SYCP3 staining, the samples were incubated at 37°C for 10 minutes with blocking buffer (PBS containing 10% normal goat serum). Subsequently, cells were incubated overnight with a 1:200 dilution of a rabbit polyclonal anti-SYCP3 antibody (Abcam; ab150292) at 4°C. After washing in PBS, the samples were incubated with a 1:150 dilution of TRITC-conjugated secondary antibody (goat anti- rabbit IgG) at 37°C for 30 minutes. Then, cells were incubated at 37°C for 20 minutes with 500 ng/mL DAPI. The samples were mounted as described above. Images were obtained with a Leica DFC 550 digital camera under the DM2500 microscope.

CCK8 proliferation assay
------------------------

Mouse SSCs were seeded at 2000 cells/well in 96-well plates and cultured for 3 days. Then, CVTK solution (Research Science, Shanghai, China) was diluted with cell culture medium at 1:10 ratio, then each well of the plate was added 110µL mixture. Be careful to avoid introducing bubbles to the wells, since the bubbles will interfere the O.D. reading. Then the plate was incubated for 2 hours at 37°C in 5% CO2. The incubation needs to avoid light. Absorbance was measured at 450 nm using a microplate reader.

EdU(5-ethynyl-2\'- deoxyuridine) proliferation assay
----------------------------------------------------

A Cell-Light EdU Apollo567 *in vitro* imaging kit (RiboBio, Guangzhou, China) was used to analyze SSCs, according to the manufacturer\'s protocol. Cells were incubated with 50 µM EdU for 2 hours. Then, cells were fixed with 4% paraformaldehyde for 30 minutes at room temperature and then washed with 2 mg/ml glycine for 5 minutes on a shaker. Permeabilization was conducted by 0.5% Triton X-100. Then, 1× Apollo was added, followed by incubation for 30 minutes on a shaker. After washing 3 times with PBS containing 0.5% Triton X-100, 1× Hoechst 33342 was used to stain cell nuclei. Images were captured under the Leica fluorescence microscope.

3′-UTR luciferase reporter assays
---------------------------------

psiCHECK-2 vectors including firefly and Renilla luciferase genes were purchased from Promega. Mouse *Rassf8* 3′-UTRs including the predicted binding site of miR-322 (named wt) or a site-directed gene mutated miR-322-binding site (named mt) were inserted downstream of the firefly luciferase gene of the psiCHECK2 vector. The wt or mt vector was cotransfected into SSCs with miR- 322-vectors or control vectors in 24-well plates. After 48 h, the cells were harvested and assayed by a Dual Luciferase Assay (Promega) in accordance with the manufacturer\'s protocol. Transfections were repeated at least three times in independent experiments.

Western blot analysis
---------------------

Cells were lysed with RIPA buffer (Shanghai Yeasen Biotechnology Co., Ltd) containing a protease inhibitor cocktail. Proteins were separated on 12% SDS-PAGE gels and blotted on nylon membranes. Five percent non-fat powdered milk in Tris-buffered saline with Tween 20 (TBST) was used to block the membranes. Then, the membranes were incubated with primary antibodies (rabbit-anti- Rassf8, 1:5000, Abcam; mouse-anti-β-tubulin, 1:6000, Santa Cruz Biotechnology; rabbit-anti-CyclinD1, 1:12000, Abcam) at 4°C overnight. After incubation, the membranes were washed with TBST three times and incubated with a horseradish peroxidase-conjugated secondary antibody at room temperature for 1 h. The labeled proteins were visualized by enhanced chemiluminescence.

Cell cycle assay
----------------

For analysis of cell cycle, Cell cycle and Apoptosis Analysis Kit (Beyotime, Shanghai, China) was used. Cells were treated with 0.25%trypsin, washed twice in PBS, and then fixed in 70% precooled ethanol solution at 4°C overnight. The next day, the fixed cells were washed with PBS twice. The cells were resuspended with 535 µL propidium iodide(PI) solution(containing 500µL dye buffer, 25µL 20× PI stain and 10µL 50×RNase A) and incubated at 37°C for 30minutes under conditions avoid of light. Then the cell cycle was detected at a 488nm excitation wavelength, which was detected by Cytoflex (Beckman Coulter).

Statistical analysis
--------------------

Results were shown as the mean ± SD of three independent experiments. Student\'s *t*-test was used to calculate differences between groups. Differences were considered significant at *p* \< 0.05.

Results
=======

Characterization of our SSC line
--------------------------------

The cultured SSCs appeared as colonies with a grape-like shape (Figure [1](#F1){ref-type="fig"}A). To characterize these cells, we assessed marker gene expression of spermatogonial progenitor cells or germ cells in the mouse testis: *Gfrα1* (GDNF family receptor alpha 1)[@B23], *Plzf* (also known as *Zbtb16*, zinc finger and BTB domain containing 16)[@B24], *Etv5* (ets variant 5)[@B25], *Oct4* (also known as*Pou5f1*, POU domain, class 5, transcription factor 1)[@B26], and *Mvh* (also known as*Ddx4*, DEAD (Asp-Glu-Ala-Asp) box polypeptide 4)[@B27]. RT-PCR results showed that the cells expressed *Etv5, Oct4, Gfrα1, Plzf,* and *Mvh* (Figure [1](#F1){ref-type="fig"}B). Immunofluorescence analysis also showed positivity for PLZF, GFRA1 and MVH proteins (Figure [1](#F1){ref-type="fig"}C).

MiR-322 is highly expressed in SSCs
-----------------------------------

We previously reported expression of miR-322 in the testis of postnatal mice at various days, and its expression is gradually reduced by 6 days after birth[@B28]. These results indicate that miR-322 plays an important role in SSC development. To determine the expression level of miR-322 in mouse SSCs development, quantitative real-time PCR (qRT-PCR) analysis was conducted in various germ cell types, including the SSCs (isolation of Thy1^+^ cells from testes of postnatal day 6 C57BL/6 mice), PS, RS and sperms. We found that the expression of miR-322 was gradually decreased as the development of germ cells (Figure [2](#F2){ref-type="fig"}A). These results indicated high expression of miR-322 in SSCs.

MiR-322 regulates SSC self-renewal
----------------------------------

To investigate the biological function of miR-322 in SSCs, miR-322 overexpression, miR-322 overexpression control, miR-322 inhibition, and miR-322 inhibition control lentiviral vectors were used to infect SSCs (Figure [2](#F2){ref-type="fig"}B). qRT-PCR analysis showed that miR-322 expression was significantly increased in SSCs infected with miR-322 overexpression compared with cells infected with the miR-322 overexpression control (Figure [2](#F2){ref-type="fig"}C). Conversely, miR-322 expression was significantly decreased in SSCs infected with the miR-322 inhibition lentiviral vector compared with SSCs infected with the miR-322 inhibition control (Figure [2](#F2){ref-type="fig"}C). In addition, CCK8 assays demonstrated that the optical density values of miR-322- overexpressing cells were significantly higher than those of control cells after 3 days of culture, whereas the values of miR-322-inhibited cells were decreased significantly (Figure [2](#F2){ref-type="fig"}D). Furthermore, we used an EdU incorporation assay to assess the proliferation of mouse SSCs infected by miR-322 overexpression or inhibition lentiviral vectors. EdU-positive cells were significantly increased among SSCs infected with the miR-322 overexpression vector compared with the miR-322 overexpression control (Figure [2](#F2){ref-type="fig"}E and [2](#F2){ref-type="fig"}F). In contrast, infection with the miR-322 inhibition lentivirus vector led to a significant decrease in EdU- positive cells among SSCs compared with the miR-322 inhibition control (Figure [2](#F2){ref-type="fig"}E and [2](#F2){ref-type="fig"}F). Taken together, these results suggested that miR-322 enhances the proliferation of SSCs *in vitro.*

MiR-322 regulates expression of stemness and differentiated markers
-------------------------------------------------------------------

We further explored changes in molecular markers. *Gfrα1, Etv5* and *Plzf* are known to be expressed in undifferentiated spermatogonia [@B23]-[@B25], and *Stra8*, *C-kit* and *Bcl6* are differentiation markers[@B29]-[@B31]. We found that the mRNA levels of *Gfrα1, Etv5* and *Plzf* were significantly elevated (Figure [3](#F3){ref-type="fig"}A), but those of *Stra8*, *C-kit* and *Bcl6* were significantly decreased in SSCs infected with the miR-322 overexpression lentivirus compared with the overexpression control (Figure [3](#F3){ref-type="fig"}B). In contrast, the expression levels of *Gfrα1, Etv5* and *Plzf* were significantly decreased (Figure [3](#F3){ref-type="fig"}A), but those of *Stra8*, *C-kit* and *Bcl6* were increased in SSCs infected with the miR-322 inhibition lentivirus compared with the inhibition control (Figure [3](#F3){ref-type="fig"}B). Immunofluorescence analysis detected the expression of SYCP3 in SSCs infected with the miR-322 inhibition lentivirus, suggesting that some cells had entered meiosis (Figure [3](#F3){ref-type="fig"}C). These results revealed that miR-322 plays a role in regulation of SSC self-renewal and differentiation.

*Rassf8* is a direct target of miR-322 in SSCs
----------------------------------------------

To explore the mechanism of miR-322 promoting self-renewal of SSCs, we applied TargetScan to predict the possible target genes. The result showed that *Rassf8* is a target gene of miR-322, and miR-322 can bind to the *Rassf8* mRNA 3′-untranslated region (UTR). In addition, *Rassf8* is a member of the RAS association domain family (RASSF) involved in a myriad of biological processes including cell death, proliferation, and microtubule stability[@B32]. RASSF8 inhibits cell growth and regulates the Wnt signaling pathway[@B33], while the Wnt pathway is involved in various cellular processes such as proliferation, differentiation, apoptosis, fate determination, and migration[@B34]. Furthermore, little is known about the function of *Rassf8* in regulating the self-renewal and differentiation of SSCs. For determining the expression level of *Rassf8* in mouse SSCs development, qRT- PCR analysis was performed. The expression level of *Rassf8* was significantly increased as the development of germ cells (Figure [4](#F4){ref-type="fig"}A). And immunofluorescence analysis showed positivity for RASSF8 in SSCs (Figure [4](#F4){ref-type="fig"}B). Next, we conducted qRT-PCR analysis to determine the expression levels of miR-322 and *Rassf8*.

We used the dual luciferase reporter system to confirm whether miR-322 directly downregulated the expression of *Rassf8*. We subcloned 3′-UTRs of *Rassf8* mRNA, including the predicted miR-322-binding sequence (wild-type) or a mutated sequence (mutant type), into luciferase reporter plasmids (Figure [4](#F4){ref-type="fig"}C). The relative luciferase activity of the miR-322-vactor group co-transfected with the *Rassf8* 3′-UTR wild-type was significantly decrease compared with the control group, whereas the *Rassf8* 3′-UTR mutant group had an insignificant difference compared with the control group (Figure [4](#F4){ref-type="fig"}D). The results suggested binding between miR-322 and the *Rassf8* 3′UTR. Subsequently, we found that overexpression of miR-322 significantly reduced *Rassf8* expression at mRNA and protein levels compared with control cells (Figure [4](#F4){ref-type="fig"}E-[4](#F4){ref-type="fig"}G), whereas inhibition of miR-322 significantly increased the expression of *Rassf8* at mRNA and protein levels compared with control cells (Figure [4](#F4){ref-type="fig"}E-[4](#F4){ref-type="fig"}G).

To confirm the interaction between miR-322 and *Rassf8*, we used a *Rassf8* overexpression lentivirus to infect SSCs that had been infected with the miR-322 overexpression lentivirus. CCK8 assays demonstrated that the optical density values of miR-322 and*Rassf8*-overexpressing cells was significantly decreased compared with those of miR-322-overexpressing cells (Figure [4](#F4){ref-type="fig"}H). These results suggested that miR-322 and *Rassf8* interact.

Collectively, these results indicated that miR-322 directly regulates *Rassf8* expression at transcription and translation levels by targeting its 3′-UTR.

Knockdown of *Rassf8* enhances the proliferation of SSCs *in vitro*
-------------------------------------------------------------------

We next explored the function of *Rassf8* in regulating SSC proliferation. *Rassf8* inhibition and *Rassf8* overexpression lentivirus were used to infect SSCs and regulate endogenous *Rassf8* expression. Both qRT-PCR and western blot analyses revealed that the mRNA and protein levels of *Rassf8* were significantly increased in SSCs after *Rassf8* overexpression lentivirus infection compared with cells infected with the *Rassf8* overexpression lentivirus control (Figure [5](#F5){ref-type="fig"}A-[5](#F5){ref-type="fig"}D). Conversely, *Rassf8* expression was significantly decreased in SSCs infected with the *Rassf8* inhibition lentivirus compared with SSCs infected with the *Rassf8* inhibition lentivirus control (Figure [5](#F5){ref-type="fig"}A-[5](#F5){ref-type="fig"}D). In addition, CCK8 assays demonstrated that the optical density values of *Rassf8* inhibition lentivirus-infected cells were significantly higher than those of control cells at 3 days (Figure [5](#F5){ref-type="fig"}E), whereas values of *Rassf8* overexpression lentivirus-infected cells were significantly lower than those of controls (Figure [5](#F5){ref-type="fig"}E). Furthermore, EdU assays revealed that EdU-positive cells were significantly increased among SSCs infected with the *Rassf8* inhibition lentivirus compared with the *Rassf8* inhibition lentivirus control (Figure [5](#F5){ref-type="fig"}F and [5](#F5){ref-type="fig"}G). In contrast, infection by the *Rassf8* overexpression lentivirus led to a significant decrease in EdU-positive cells among SSCs compared with infection by the *Rassf8* overexpression lentivirus control (Figure [5](#F5){ref-type="fig"}F and [5](#F5){ref-type="fig"}G). These results suggested that *Rassf8* inhibits the proliferation of SSCs*in vitro*.

MiR-322 regulates SSC self-renewal via WNT/β-catenin signaling
--------------------------------------------------------------

WNT/β-catenin signaling plays a vital role in self-renewal and differentiation of SSCs[@B35]. To explore whether miR-322 is related to the WNT/β-catenin pathway in mouse SSCs, we treated SSCs with lithium chloride (LiCl) that inhibits β-catenin degradation. qRT-PCR analysis showed that miR-322 expression was increased significantly and *Rassf8* expression was decreased significantly in SSCs by LiCl treatment (Figure [6](#F6){ref-type="fig"}A). We also found that the mRNA levels of β-catenin, Cyclin D1 and C-myc, which are downstream of the WNT/β catenin pathway, were significantly decreased after infection with the miR-322 inhibition lentivirus compared with cells infected with the miR-322 inhibition control (Figure [6](#F6){ref-type="fig"}B). However, the mRNA levels of β-catenin, Cyclin D1 and C-myc were significantly increased by infection with the *Rassf8* inhibition lentivirus (Figure [6](#F6){ref-type="fig"}B). We found that the protein level of Cyclin D1 was significantly increased infected with miR-322 overexpression lentivirus vectors compared with control group (Figure [6](#F6){ref-type="fig"}C), whereas the protein level of Cyclin D1 was significantly decreased infected with miR-322 inhibition lentivirus vectors compared with control group (Figure [6](#F6){ref-type="fig"}C). While Cyclin D1 is crucial for the G1/S transition of cell cycle[@B36]. When Cyclin D1 is declined, it will induce G0/G1 arrest[@B36]. And our cell cycle analysis showed that miR-322 overexpression lentivirus increased cell number of S phase compared to control cells (Figure [6](#F6){ref-type="fig"}D), whereas miR-322 inhibition lentivirus increased cell number of G0/G1 phase and decrease cell number of S phase and G2/M phase compared to control group (Figure [6](#F6){ref-type="fig"}D). Collectively, these results suggested that the WNT/ β-catenin pathway is involved in miR-322-mediated regulation of SSC self-renewal.

Discussion
==========

Adult male germ cells include SSCs that serve as a reservoir to guarantee the continuation of spermatogenesis. SSCs are unipotent for commitment to the germ cell lineage within the testis, but SSCs have the capacity to become pluripotent under certain conditions *in vitro*[@B37]. Recently, increasing studies have indicated that SSC unipotency is reversible, and SSCs can acquire pluripotency to differentiate into all cell lineages of the three germ layers under the certain condition [@B38]. Therefore, SSCs can be used in autologous organ regeneration therapies for human diseases and have no immune rejection[@B39]. The regulation of SSCs requires both intrinsic factors and extrinsic signals, and studies have suggested that intrinsic factors play a leading role in the regulation of SSC renewal[@B38]. Therefore, it is imperative to uncover how intrinsic factors regulate the renewal or differentiation of SSCs.

MiRNA plays crucial roles in the regulation of cellular proliferation[@B40], apoptosis[@B41], and differentiation [@B42], [@B43]. Previous studies attested that microRNAs might play a vital role in spermatogenesis of mammals[@B44]-[@B48]. For example, miRNA-202 is highly expressed in mouse SSCs and negatively regulated by GDNF and retinoic acid. MiRNA-202 maintains SSCs by inhibiting cell cycle regulators and RAN-binding proteins[@B49]. MiRNA microarray and fluorescence *in situ* hybridization revealed that miRNA-20 and miRNA-106a are expressed preferentially in SSCs, which promote proliferation and DNA synthesis of SSCs by targeting STAT3 and Ccnd1[@B39]. MiRNA-21 is preferentially expressed in SSCs and regulates the self-renewal of mouse SSCs by targeting ETV5 which is downstream of GDNF signaling and essential for SSC self-renewal[@B38]. MiRNA-34c is testis-specific and highly expressed in the testis of sexually mature mice, which promotes meiosis by interacting with Nanos2, leading to upregulation of Stra8 in mouse SSCs[@B50]. We demonstrated that miR-322 is mainly expressed in Thy1^+^ cells that are highly expressed in the testis of mice at postnatal day 6. It is known that the amount of SSCs reaches its peak at postnatal day 6. These findings indicate that miR-322 strongly affects the regulation of SSCs. Indeed, CCK8 and EDU assays revealed that miR-322 promoted the proliferation of SSCs. Moreover, the mRNA expression of *Gfrα1, Etv5* and *Plzf* was increased significantly, while that of *Stra8, C-kit* and *Bcl6* was decreased significantly by miR-322 overexpression. Thus, we concluded that miR-322 promotes the self-renewal of SSCs and inhibits their differentiation.

Ras association domain family 8 is ubiquitously expressed in the murine embryo and normal human adult tissues such as the kidney, brain, liver, heart, and lung[@B51]. *Rassf8* is found both in the nucleus and cell membrane[@B33]. *Rassf8* is related to the cell cycle, accelerates apoptosis, and restrains migration and invasion[@B52]. Overexpression of *Rassf8* induces G0/G1 arrest, apoptosis, and downregulation of Cyclin D1 downstream of the WNT/β-catenin pathway. In our study, bioinformatics analysis and luciferase reporter assays revealed that the RASSF8 3′-UTR has a specific miR-322-binding sequence. Therefore, we used a *Rassf8* overexpression lentivirus to infect miR-322- overexpressing cells, and CCK8 assays demonstrated the proliferation was suppressed. Functional analysis showed that the *Rassf8* inhibition lentivirus promoted SSC self-renewal, which is consistent with previous results. These findings suggest that miR-322 directly targets *Rassf8*.

A recent study reported that *Rassf8* colocalizes with the adherens junction component β-catenin, binds to E-cadherin, and then regulates the Wnt/ β-catenin pathway[@B33]. The Wnt/β-catenin pathway is a critical player in the regulation of mouse and human spermatogonia[@B35]. Therefore, miR-322 may regulate the self-renewal and differentiation of SSCs via *Rassf8*, which was confirmed by our study. When miR-322 is overexpressed, *Rassf8* expression is decreased significantly, leading to insufficient *Rassf8* to bind to E-cadherin and dissociation of the E-cadherin- β-catenin-α-catenin complex. Then, adherens junctions destabilize and E-cadherin is lost from the cell membrane. β-Catenin relocalizes to the nucleus, and this change in location is a hallmark of activation of canonical Wnt signaling[@B53]. In the nucleus, β-catenin facilitates activation of target genes such as uPAR, P53, MMP7, c-Myc, and Cyclin D1. Overexpression of miR-322 induced the self-renewal of SSCs. When miR-322 was inhibited, *Rassf8* expression was evaluated. Therefore, *Rassf8* bound to E-cadherin, and the E-cadherin complex localized to the membrane. Thus, β-catenin could not enter the nucleus and initiate gene expression, leading to inactivation of Wnt/β-catenin signaling. Ultimately, inhibition of miR-322 gave rise to the differentiation of SSCs.

Our study is the first to reveal the regulatory role of miR-322 in SSC development *in vitro*, suggesting that miR-322 is essential for fate determination of SSCs by targeting *Rassf8.* This study provides novel mechanisms that regulate SSC fate and may have vital implications for understanding SSC development.
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![Characteristics of cultured SSCs. **(A)** Representative morphology of cultured SSCs. **(B)** Reverse transcription PCR detection of *Gfrα1*, *Plzf*, *Etv5*, *Oct4*, and *Mvh* mRNA expression in SSCs. M, 100 bp DNA markers. *Gapdh* served as a loading control. NC: negative control. **(C)** Immunofluorescence analysis of SSCs with antibodies against PLZF, GFRA1 and MVH. Scale bar: 20 µm](ijbsv15p0857g001){#F1}

![MiR-322 expression in various types of cells, and the biological function of miR-322 in SSCs. **(A)** MiR-322 mRNA levels in SSCs, PS, RS and sperms were measured by qRT-PCR. To compare miR-322 expression among cell types, miR-322 expression in SSCs was set as 1. \*\*P\< 0.01 compared with SSC group. **(B)** Fluorescence and bright field image for SSCs infected with lentivirus. **(C)** qRT-PCR examined the expression level of miR-322 in SSCs infected with miR-322 overexpression lentivirus control (miR-322-over-con), and miR-322 overexpression lentivirus (miR-322-over), miR-322 inhibition lentivirus control (miR-322-inhibit-con), or miR-322 inhibition lentivirus (miR-322-inhibit). **(D, E)** CCK-8 assays **(D)** and EdU incorporation assays **(E)** were conducted using cells infected with the miR-322 overexpression lentivirus control (miR-322-over-con), miR-322 overexpression lentivirus (miR-322-over), miR-322 inhibition lentivirus control (miR-322-inhibit-con), or miR-322 inhibition lentivirus (miR-322-inhibit). Ⅰ: miR-322-over-con, Ⅱ: miR-322-over, Ⅲ: miR-322-inhibit-con, Ⅳ: miR-322-inhibit. **(F)** Quantification of EdU assay results. Data are presented as the mean ± SD of three independent experiments. \*\*P\< 0.01 compared with the control group. Scale bars: 10 µm](ijbsv15p0857g002){#F2}

![Effects of miR-322 on stemness and differentiation markers of SSCs. **(A, B)** SSCs were infected with the miR-322 overexpression lentivirus control (over-con), miR-322 overexpression lentivirus (over), miR-322 inhibition lentivirus control (inhibit-con), or miR-322 inhibition lentivirus (inhibit). Expression of *Gfrα1*, *Etv5*, *Plzf, Stra, C-kit* and*Bcl6* was measured by qRT-PCR. Data are presented as the mean ± SD of three independent experiments. \*\*P\< 0.01 compared with the control group. **(C)** Meiotic spread assays of SYCP3 expression. SSCs infected with miR-322 inhibition lentivirus control (miR-322-inhibit-con), or miR-322 inhibition lentivirus (miR-322-inhibit) were detected. Scale bar: 1 µm](ijbsv15p0857g003){#F3}

![MiR-322 directly targets *Rassf8*. **(A)** *Rassf8* mRNA levels in SSCs, PS, RS and sperms were measured by qRT-PCR. To compare *Rassf8* expression among cell types, *Rassf8* expression in SSCs was set as 1. \*\*P\< 0.01 compared with SSC group. **(B)** Immunofluorescence analysis of SSCs with antibodies against RASSF8. Scale bar: 20 µm**. (C)** Target region of the *Rassf8* 3′-UTR for miR-322 and the mutant type of *Rassf8* 3′-UTR. **(D)** Effects of miR-322 on the activity of firefly luciferase reporters containing either wild-type (Wt) or mutant type (Mt) 3′-UTRs were assessed by luciferase reporter gene assays.**(E, F, G)** Effects of miR-322 on *Rassf8* expression levels were examined by qRT-PCR **(E)** and western blot analyses **(F, G)**. Data are presented as the mean ± SD of three different independent experiments. \*\*P\< 0.01 compared with the control group. **(H)** CCK8 assays detected cell proliferation of SSCs infected with miR-322-over-con, miR-322-over, miR-322-over-con-*Rassf8*-over-con, or miR-322-over-*Rassf8*-over. Scale bar: 20 µm](ijbsv15p0857g004){#F4}

![Effects of *Rassf8* on SSCs. **(A)** Fluorescence and bright field image for SSCs infected with lentivirus. **(B)** mRNA expression levels of *Rassf8* in cells infected with the *Rassf8* overexpression lentivirus control (*Rassf8*-over-con), *Rassf8* overexpression lentivirus (*Rassf8*-over), *Rassf8* inhibition lentivirus control (*Rassf8*-inhibit-con), *Rassf8* inhibition lentivirus (*Rassf8*-inhibit) were examined by qRT-PCR**. (C, D)** western blot analyses detected the protein level of *Rassf8* in cells infected with the *Rassf8* overexpression lentivirus control (*Rassf8*-over-con), *Rassf8* overexpression lentivirus (*Rassf8*-over), *Rassf8* inhibition lentivirus control (*Rassf8*-inhibit-con), *Rassf8* inhibition lentivirus (*Rassf8*-inhibit). **(E, F)** CCK-8 assays **(E)** and EdU incorporation assays **(F)** were conducted using SSCs infected with the *Rassf8* overexpression lentivirus control (*Rassf8*-over-con), *Rassf8* overexpression lentivirus (*Rassf8*-over), *Rassf8* inhibition lentivirus control (*Rassf8*-inhibit-con), or *Rassf8* inhibition lentivirus (*Rassf8*-inhibit). Ⅰ:*Rassf8*-over-con, Ⅱ: *Rassf8*-over, Ⅲ: *Rassf8*-inhibit-con, Ⅳ: *Rassf8*-inhibit. **(G)** Quantification of EdU assay results. Data are presented as the mean ± SD of three independent experiments. \*\*P\< 0.01 compared with the control group. Scale bars: 10 µm](ijbsv15p0857g005){#F5}

![MiR-322 activates WNT/β-catenin signaling in SSCs. **(A)** qRT-PCR analysis of the gene expression levels of miR-322 and *Rassf8* in SSCs treated with or without LiCl (20 mmol/L). **(B)** qRT-PCR analysis of β-catenin, Cyclin D1 and C-myc mRNA expression levels in SSCs infected with the miR-322 inhibition lentivirus control (miR-322-inhibit-con), miR-322 inhibition lentivirus (miR-322-inhibit), *Rassf8* inhibition lentivirus control (*Rassf8*-inhibit-con), or *Rassf8* inhibition lentivirus (*Rassf8*-inhibit). **(C)** Western blot analysis was conducted to detect the protein level of Cyclin D1 in SSCs infected with miR-322 overexpression control lentivirus vector (miR-O-C), miR-322 overexpression lentivirus vectors (miR-O), miR-322 inhibition control lentivirus (miR-In-C) or miR-322 inhibition lentivirus (miR-In). **(D)** Cell cycle analysis of SSCs infected with miR-322 overexpression lentivirus control (miR-322-over-con), miR-322 overexpression lentivirus (miR-322-over), miR-322 inhibition lentivirus control (miR-322-inhibit-con), or miR-322 inhibition lentivirus (miR-322-inhibit). Data are presented as the mean ± SD of three independent experiments. \*P\< 0.05, \*\*P\< 0.01 compared with the control group](ijbsv15p0857g006){#F6}
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